The reconstituted pea chloroplastic outer envelope protein of 16 kDa (OEP16) forms a slightly cationselective, high-conductance channel with a conductance of ⌳ ‫؍‬ 1,2 nS (in 1 M KCl). The open probability of OEP16 channel is highest at 0 mV (P open ‫؍‬ 0.8), decreasing exponentially with higher potentials. Transport studies using reconstituted recombinant OEP16 protein show that the OEP16 channel is selective for amino acids but excludes triosephosphates or uncharged sugars. Crosslinking indicates that OEP16 forms a homodimer in the membrane. According to its primary sequence and predicted secondary structure, OEP16 shows neither sequence nor structural homologies to classical porins. The results indicate that the intermembrane space between the two envelope membranes might not be as freely accessible as previously thought.
Plant cells house an additional organelle type, the plastid family. Most prominent are chloroplasts, which carry out oxygenic photosynthesis in the green parts of plants. All types of plastids are surrounded by a pair of double membranes called the outer and inner envelope membrane. Both membranes contain distinct protein translocation machineries (1) (2) (3) . The envelope membranes have essential capacities in the biosynthesis of lipids, isoprenoids, and prenylquinones (4) . Most important, however, is the flux of photosynthesis-related low molecular weight substances into and out of chloroplasts. Furthermore, plastids are the sole site of nitrite reduction that yields ammonia, which is provided for the rest of the cell as amino acid-bound nitrogen (5) . Concomitantly chloroplasts take up inorganic cations (K ϩ , Na ϩ , Mg 2ϩ , Ca 2ϩ , and others), anions (NO 2 Ϫ , SO 4 2Ϫ , PO 4 3Ϫ ), and a variety of organic biosynthetic pathway intermediates (e.g., sugars, amino acids, or acetate for fatty acid biosynthesis). The inner envelope membrane forms a barrier for small molecular weight solutes, which are thought to pass freely across the chloroplastic outer envelope membrane (4, 6, 7) . Whereas specific carrier proteins located in the inner envelope membrane have been identified on a molecular level for a variety of substrates, the porin or permease-like proteins in the outer envelope membrane remain unidentified.
A number of electrophysiological studies using either giant chloroplasts from Nitellopsis (8, 9) or isolated envelope membranes from spinach (6, 7) described the presence of different voltage-dependent, high-conductance channels in the inner and outer membranes of Nitellopsis or spinach, respectively. A pore channel with an unusually large exclusion limit of about 10 kDa has been described in reconstituted spinach envelope membranes (6) . So far, attempts have failed to detect any polypeptides in the chloroplastic outer envelope that show homology to bacterial or mitochondrial porins. Only recently (10) a protein from pea proplastids was described that showed significant homology on a primary sequence basis to bacterial and mitochondrial porins (11) (12) (13) . However, the proplastidlocalized porin failed to import into isolated chloroplasts. Further biochemical data suggested that this protein was present only in proplastids but not in chloroplasts.
In this work we describe the molecular identification and functional reconstitution of the chloroplastic outer envelope protein of 16 kDa (OEP16). Reconstituted OEP16 forms a voltage-regulated, high-conductance channel that revealed a selective permeability for amino acids.
MATERIALS AND METHODS
A random primed digoxigenin-labeled probe was synthesized from an EcoRI͞XhoI fragment of the Arabidopsis EST cDNA clone 107L13T7 (GenBank accession no. T22850) by PCR according to the manufacturer's recommendation (Boehringer, Mannheim) and used to screen a pea cDNA expression library (14) (Uni Zap XR, Stratagene), resulting in the isolation of peacOEP16 coding for OEP16. Both DNA strands were sequenced (ref. 15 ; accession no. Z73553). An NdeI site was introduced at the first methionine of the coding region of peacOEP16 by PCR using the forward primer 5Ј-GGGGGGCATATGCCTCGTAGCAGTTTTTCAGG3-Ј and universal primer. The resulting PCR product was bluntended by treatment with Klenow-fragment and ligated into the vector pBSC SK(ϩ) (Stratagene) after linearization with SmaI, resulting in peacOEP16pbsc. A NdeI͞XhoI fragment from peacOEP16pbsc was subcloned into the vector pET21b (Novagen) resulting in peacOEP16pet. Overexpression of OEP16 was done after transforming the vector into E. coli BL21(DE3) cells (Novagen).
Overexpressed OEP16 was recovered from insoluble inclusion bodies (16) and purified by ion exchange chromatography using an anion exchange resin (Source Q, Pharmacia) as a first step in the purification protocol. OEP16 was recovered in the flow-through and passed over a MonoS cation exchanger (6 M urea͞50 mM Hepes͞KOH, pH 7.6͞1 mM EDTA͞10 mM 2-mercaptoethanol) from which it was eluted at 210 mM NaCl. The protein was dialyzed against water, freeze-dried, and used for the reconstitution experiments.
Immunological Methods. An antiserum was raised in a rabbit against OEP16 that was purified by SDS͞PAGE from isolated chloroplastic outer envelope membranes. The antiserum was affinity-purified by passing over an OEP16 Sepharose column (17) .
Liposomes. Purified OEP16 was resuspended in 50 mg͞ml L-␣-phosphatidylcholine (from soybean type IV-S, Sigma) in 80 mM MEGA-9͞20 mM KCl͞10 mM Tris⅐HCl, pH 7.0. After 1 h of incubation at room temperature the suspension was subjected to dialysis at 4°C for 12 h and used for bilayer measurements.
CD Spectroscopy. CD spectra were measured using a Jasco-J-5000A spectropolarimeter (Easton, MD) after calibration with (ϩ)-10-camphorsulfonic acid. The spectra were recorded at 20°C in a quartz-cell with 0.5-cm optical path length. Scans were performed at a rate of 20 nm͞min with a sampling interval of 0.2 nm and averaged (n ϭ 60) to improve the signal͞noise ratio. Both samples (OEP16 in 8 M urea and OEP16 liposomes) were adjusted to the same protein concentration: 50 Ϯ 20 g protein (18) .
Optical Measurements. Time-scan (duration 2 min) absorbance measurements were performed in an Aminco DW200 UV-Vis spectrophotometer at 400 nm. Liposomes with an optical density of 0.15-0.2 were equilibrated in 1 ml of 10 mM tetraethylammonium (TEA)͞Hepes, pH 7.0͞10 mM KCl. Absorbance at 400 nm was monitored for 15 s and the osmotically active solute was added in a total volume of 200 l after stirring for 10 s. The change of absorbance was continuously monitored up to 2 min. The pH of the stock solutions was titrated either by addition of TEA͞OH or solid Hepes when required.
Electrophysiological Measurements. Planar lipid bilayers were produced by the painting technique (19, 20) . A solution of 50 mg͞ml L-␣-phosphatidylcholine in n-decane was applied to a hole (100-200 m diameter) in a Teflon septum, separating the two bath chambers (total volume, Ϸ3 ml). The resulting bilayers had a typical capacitance of Ϸ0.5 F͞cm 2 and a resistance of Ͼ100 G⍀. The noise was 1 pA (rms) at 5 kHz bandwidth. After a stable bilayer was formed in symmetrical solutions of 20 mM KCl͞10 mM Hepes͞Tris, pH 7.0, the solutions were changed to asymmetric concentrations (cischamber: 250 mM KCl͞10 mM CaCl 2 ). The liposomes were added to the cis compartment so that the liposomes slowly flowed directly across the bilayer (21) . When necessary the solution in the cis-chamber was stirred to promote fusion. After fusion the electrolytes were changed to the final composition by perfusion. The Ag͞AgCl electrodes were connected to the chambers through 1 M KCl-agar bridges. The electrode of the trans compartment was directly mounted to the headstage of a current amplifier (EPC 7, List Medical, Darmstadt, Germany). Reported membrane potentials are referred to the trans compartment. The amplified currents were recorded on a modified DAT recorder (SV 3700, Panasonic, Secaucus, NJ). For analysis (22) , current recordings were low-pass filtered with an eight-pole bessel filter, typically at 1-2 kHz, digitized at a sampling interval of 0.2 ms, and fed into an Axolab 1100 A͞D converter (Axon Instruments, Foster City, CA).
Electrophysiologically Monitored Osmotic Permeation Assay. Bilayers were produced as described above. Then, the solution in the cis-chamber was changed to the final composition by perfusion with a 750 mM solution of the solute to be tested and addition of concentrated CaCl 2 to reach a final concentration of 20 mM. Liposomes with reconstituted OEP16 were applied as described above. A membrane potential of 100 mV was applied (trans-chamber positive). The pH of the solute stock solutions was adjusted by addition of either TEA͞OH (20% wt͞wt solution in H 2 O) or solid Hepes when required. The inability of both ions to promote fusion was checked.
RESULTS
Attempts to identify possible ''candidates'' for a solute pore in the pea chloroplastic outer envelope were based on the following observations. Membrane vesicles were treated with the protease thermolysin to distinguish between proteasesensitive and protease-resistant proteins (refs. 23-25 ; also see below). The rationale behind this approach was (i) that a major solute channel of the chloroplastic outer envelope should be an abundant protein as the central protein translocation channel OEP75 (26, 27) , and (ii) that it should be fairly resistant to protease treatment. Several abundant outer envelope proteins have been identified before as constituents of the protein import machinery (e.g., OEP86, OEP75, and OEP34; refs. 27-30) or as functionally not assigned components of the outer envelope (e.g., OEP14; ref. 31) . Furthermore, the pea chloroplastic outer envelope lacks abundant proteins in the range between 25 and 33 kDa, the average size of classical porins. OEP16 was a polypeptide that met the criteria mentioned above (i.e., abundance and low protease accessibility; see below). Moreover, OEP16 behaves as an integral membrane protein in that it is resistant to extraction by 1 M NaCl or pH 11 (32) (not shown). We therefore decided to further analyze the structure and function of OEP16.
Primary Structure and Tissue Distribution of OEP16. Internal amino acid sequence information was obtained after CNBr cleavage of SDS͞PAGE-purified OEP16. A database search (May 23, 1996) gave significant homologies with cDNA clones from Arabidopsis. The Arabidopsis cDNA (T22850) was used to isolate the corresponding cDNA clone from a pea cDNA expression library. A cDNA clone was isolated that contained an open reading frame coding for a protein of 146 amino acids with a calculated molecular mass of 15.5 kDa (Fig.  1A , accession no. Z73553). The peptide sequences obtained after CNBr cleavage of OEP16 were all present in the deduced amino acid sequence (Fig. 1 A) . Computer alignments revealed the presence of OEP16 in the dicotyledonous plant Arabidopsis thaliana [expressed sequence tags (ESTs) T33953, T45509,  T46371, T88007, T21986, T21804, T88008, T73663, T22880,  T21031, H76061, T20890 , R65250] and the monocotyledonous plants Zea mays (EST T25210) and Oryza sativa (rice, ESTs D49286, D40577). A sequence comparison of the N-terminal 40 amino acids of these proteins shows 62% identical amino acids and an overall similarity of 75% (Fig. 1 A) . Further analysis was not possible because pea OEP16 is the only full-length sequence described. It is obvious that OEP16 is highly conserved and present in a wide variety of plants. OEP16 is present in plastids of roots, shoots, and leaves of pea plants grown either in the dark or in the light, demonstrating its presence in different plastid types (i.e., etioplasts, proplastids, amyloplasts, and chloroplasts; Fig. 1B) .
Functional Characterization of OEP16. OEP16 was synthesized in E. coli cells, recovered from insoluble inclusion bodies, and purified to homogeneity by ion exchange chromatography ( Fig. 2A) . Recombinant OEP16 was solubilized in MEGA-9 and reconstituted into lipid vesicles (OEP16 liposomes). Two criteria were used to ensure that OEP16 attained a native-like structure in OEP16 liposomes: (i) crosslinking studies of OEP16 in isolated envelope vesicles and in liposomes and (ii) CD spectra of the unfolded and reconstituted OEP16.
First, purified outer envelope vesicles were treated with the homobifunctional crosslinker bis(sulfosuccinimidyl)suberate (BS 3 ). In the presence of BS 3 a product of 30-kDa molecular size was formed, which could represent a homodimer of OEP16 (Fig. 2B, lanes 3 and 4) . The putative OEP16 dimer was also formed after treating purified outer envelope membrane vesicles with the thiol-oxidant CuCl 2 (Fig. 2B, lanes 1 and 2; refs. 37, 38). The CuCl 2 -formed dimer could be dissociated into monomers in the presence of excess DTT or mercaptoethanol (not shown), clearly demonstrating that a disulfide bridge was responsible for forming the OEP16 homodimer. Because CuCl 2 functions as a thiol crosslinker without an additional spacer arm, the thiolgroups must be in very close physical proximity to yield a reversible covalent linkage between polypeptide chains. The dimer was also formed when OEP16 liposomes were treated with CuCl 2 (Fig. 2B, lanes 5-7) , indicating that OEP16 adapts a conformation that brings the only cysteine present in OEP16 in such close physical proximity that a homodimer can be formed. BS 3 has a spacer arm of 11.4 Å and should therefore be able to yield crosslink products also with other proteins in the vicinity of OEP16; however, no further OEP16-containing crosslink products were observed (not shown). Second, CD-spectra (Fig. 2C) obtained from OEP16 liposomes indicate the presence of ␤-sheet and helical secondary structure motifs as deduced from the ellipticities between 200 and 230 nm. In contrast to this, the spectrum of ureadenatured OEP16 shows that the protein adopts a largely extended conformation (39) .
After fusion of OEP16 liposomes with planar bilayers, voltage-dependent single-channel currents could be observed (Fig. 3A) . Multiple channel copies were detectable in the bilayer, which opened or closed successively in a voltagedependent manner (Fig. 3A) . The channels exhibited mainly one conductance state of ⌳ ϭ 330 pS (in symmetrical 250 mM KCl), concomitant with rarely occurring openings reaching 70% of the main amplitude. In asymmetric KCl solutions (250:20 mM KCl) a reversal potential of V rev ϭ 32 mV was obtained (V Kϩ ϭ 60 mV) (Fig. 3B) . This shows that the OEP16 channel is slightly cation selective (P Kϩ ͞P ClϪ ϭ 6.5). The open probability of the channel was strongly dependent on the applied membrane potential (Fig. 3C ). Around V m ϭ 0 mV the channel was almost completely open (P open ϭ 0.8), whereas P open decreased steeply with increasing positive and negative potentials. Measurements of the relative selectivity of OEP16 channels yielded the following sequence: Cs ϩ ϭ Rb ϩ (1.5) Ͼ K ϩ ϭ Na ϩ (1) Ͼ Li ϩ (0.78) Ͼ Tris ϩ (0.57). This sequence roughly reflects the mobility of these ions in water, indicating that the channel has a wide pore and that its interaction with these ions is weak (40) . Tris ϩ -cations were conducted nearly as efficiently as the smaller alkali metal ions. In contrast to this, TEA ϩ -cations, though not blocking the pore, were very poorly conducted. From this observation a pore diameter of 0.8-1.0 nm (the rough cross-section of the Tris ϩ -cations) can be estimated. This is consistent with the channel diameter calculated from the conductivity (⌳ ϭ 330 pS in 250 mM KCl) assuming a simple water-filled pore of 5 nm length (40) . Conductance measurements in symmetrical solutions (0.2 M, 0.4 M, 0.6 M, and 2 M KCl) on both sides of the membrane resulted in an almost linearly increasing concentrationconductivity relationship (Fig. 3D) . A fit of the f luxconcentration data with a saturation function (MichaelisMenten type) yielded a saturation conductivity (⌳ max ) of 7 nS with a half-maximal conductance at 4 molal KCl.
When CuCl 2 was added to either cis or trans or to both bilayer compartments to induce disulfide bridge formation between two OEP16 monomers, a massive decrease of macroscopic current was observed in the bilayer that contained multiple OEP16 copies (Fig. 4) . The observed inhibition was between 40 and 75%. After removal of CuCl 2 by perfusion and reduction of the disulfide bridges by DTT, OEP16 channel activity could be recovered. (Fifty to 80% of the controls, not shown). Recombinant OEP16, which contains a cysteine-to- Purified outer envelope membranes (10 g protein) were either not treated or treated with the crosslinker BS 3 (500 M, 10 min on ice) or with 1 mM CuCl2 (lanes 1-4) . E. coli-expressed OEP16 (lane 5) was reconstituted into liposomes and incubated in the absence (lane 6) or presence (lane 7) of 1 mM CuCl2. Products were separated by SDS͞PAGE (36) in the absence of reducing agents and analyzed by immunoblotting using ␣OEP16. (C) CD spectra of OEP16 either denatured in 8 M urea or reconstituted into liposomes. serine mutation, still forms a solute channel but cannot further be inhibited by CuCl 2 (K.P. and J.S., unpublished data), clearly showing that channel-forming activity observed in proteoliposomes did not derive from E. coli BL21(DE3) cells (not shown).
Light-scattering properties of OEP16 liposomes were used to investigate the permeability of OEP16 to different solutes. Turbidity changes of liposome suspensions are mainly related to volume changes. After a fast increase of the osmolarity of the surrounding medium, the following is to be expected. If the liposome membrane is impermeable to the osmoticum the liposomes will shrink, whereas no, or only very small, volume changes are expected when the membrane is permeable to the solute. Depending on the distribution and average size of the vesicles (41) , shrinking of the liposomes may induce a positive or negative change of the turbidity. The size distribution can be measured qualitatively by the wavelength dependence of the turbidity, which can be approximated to Ϫx in the region from 350 to 800 nm (42) . The wider the size distribution becomes, the smaller is the value of x. For example, a suspension of small liposomes with a broad size distribution has a value of x Ϸ 0.8, and E. coli suspensions approach a value of x Ϸ 2.3 (42). We measured a value of x ϭ 0.8 for control liposomes and a value of x ϭ 1.3 for the OEP16 liposomes, revealing both a larger and narrower size distribution of the latter (42) .
Addition of sucrose and KCl to OEP16 liposomes produced a different response of the suspension turbidity. Whereas (⌬Osm) KCL ϭ 200 mOsm produced a turbidity change of (⌬A͞A) 400 nm ϭ ϩ0.05, the addition of sucrose (⌬Osm) sucrose ϭ 200 mOsm produced a turbidity change of (⌬A͞A) 400 nm ϭ Ϫ0.3 in the opposite direction. Control liposome suspensions containing no protein showed identical turbidity changes ((⌬A͞A) 400 nm Ϸ ϩ0.35) for KCl and sucrose upon changes in the osmolarity from 10 to 200 mOsm. We therefore used this ''calibration'' to further investigate the permeability of OEP16 to different solutes. Because the OEP16 channel has its highest open probability at V m ϭ 0 mV, this method is ideally suited for testing permeation of even uncharged substances through the open pore. By using the same proteoliposome preparation it was possible to obtain relative permeability measurements for a variety of compounds (Table 1) . Surprisingly OEP16 was permeable to amino acids (e.g., glycine, valine, arginine, lysine, glutamic acid, or glutamine) ( Table 1) , whereas phosphoglyceric acid could not pass the OEP16 channel. Uncharged sugar molecules like fructose, glucose, sucrose, sorbitol, or even the small molecule dihydroxy acetone were not permeated through OEP16 (Table 1) . Cadaverine (2,5-diaminopentane), a polyamine known to block E. coli type porins (46) is taken up rapidly into OEP16 liposomes, further supporting the differences in solute selectivity between OEP16 and general diffusion pores. The timecourse of the turbidity recordings indicated moreover that KCl and glycine were taken up more rapidly into OEP16 liposomes than the larger amino acids.
As a second method to assess the selectivity of OEP16 we used the osmotically induced fusions of OEP16 liposomes with the planar bilayer (43, 44) . Osmotic pressure was induced by raising the concentration of the osmotically active molecules on the cis side of the bilayer to hyperosmolar concentrations with respect to the trans side, the difference being typically Ն500 mOsm. Provided the liposome membrane is not permeable to the solute, no swelling of the bilayer bound liposomes is expected unless an open channel permeable to the osmotically active solute is present in the liposomes (45) . Because the OEP16 channel has its highest open probability at V m ϭ 0 mV, permeation of even uncharged substances through the open pore and subsequent fusion of liposomes with the bilayer can be directly monitored electrically by the measurement of the bilayer resistance. The electrophysiological data obtained by this method gave identical solute selectivities for OEP16 as obtained with the first approach ( Table 1 ). The OEP16 channel obviously does not select solely on the basis of size and charge but seems to be rather selective for amino acids and compounds containing primary NH 2 groups.
DISCUSSION
Channel Properties of OEP16. The electrophysiological data show that the reconstituted OEP16 constitutes an approximately 1-nm-wide voltage-gated pore that is impermeable to the large TEA ϩ -cation with a unit conductance of ⌳ ϭ 1,2 nS in 1 M KCl. Although the voltage dependence of the OEP16 channel gating remains elusive in vivo, its similarity to the mitochondrial outer membrane voltage-dependent anion channels and porins from the outer membrane of Gramnegative bacteria is striking (13, 47) . Voltage gating as the sole regulatory mechanism seems unlikely because, similar to the outer mitochondrial and outer membrane of Gram-negative bacteria, no significant steady-state membrane potential for the chloroplast outer envelope has been described so far. Preliminary results indicate that OEP16 is phosphorylated within the N terminus (K.P. and J.S., unpublished data), which could influence the open probability of OEP16. The substrate specificities of OEP16 (i.e., impermeable to sugars but permeable to cadaverine) is in striking contrast to mitochondrial voltage-dependent anion channels and the porins from the outer membrane of Gram-negative bacteria, which behave exactly in the opposite manner.
Putative Structure of the OEP16 Channel. Hydropathy analysis (48) and secondary structure prediction algorithms (49, 50) indicate that OEP16 traverses the chloroplastic outer envelope with four ␤-strands and three ␣-helices (Fig. 5A) . The CD spectra obtained from reconstituted OEP16 (Fig. 2C) support this theoretical prediction. The putative structure would be distinct from the classical porin structure, which is made up of amphiphilic ␤-strands (51). Crosslinking approaches using thiol-or amine-reactive crosslinkers indicated that OEP16 forms a homodimer in situ. A hypothetical model of the OEP16 dimer is proposed in Fig. 5B . This model is corroborated by two findings, first by the sequence similarities (52) we observed between OEP16 helix 1 and a sodium͞amino acid cotransporter from pig (accession no. P31636) and a branched chain amino acid permease from E. coli (accession no. P08340). These similarities range between 50 and 70% on the primary amino acid sequence basis. Helix 1 shows the potential to be amphiphilic and could constitute parts of the channel-forming unit of the OEP16 dimer. Second, oxidation of Cys-71 by CuCl 2 reduces the transport capacities of OEP16 liposomes dramatically, probably because the disulfide bridge brings the two helices very close together and functions in vitro as a floodgate that closes the channel. The calculated pore diameter of 1 nm seems unusually large for a dimer; however, this could be accomplished by the hypothetical pore structure of OEP16 as proposed in Fig. 5B . Possible Physiological Role of OEP16. Plants use NO 3 Ϫ as their major nitrogen source. Nitrate is converted to NO 2 Ϫ in the cytoplasm, transported into chloroplasts by a poorly characterized mechanism (53) , and converted to NH 4 ϩ in a lightdependent reaction. NH 4 ϩ is immediately incorporated into glutamic acid to yield glutamine. Chloroplasts support the surrounding cell compartments with essential NH 4 ϩ for different biosynthetic processes via the export of amino acids (5). OEP16 shows a broad specificity for amino acids; it allows the transport of glutamine and glutamic acids, two amino acids that might be important in the export of NH 4 ϩ from the chloroplasts (5). Positively charged lysine or arginine is transported with similar rates as negatively charged glutamic acid or branched chain valine. Furthermore, chloroplasts synthesize most proteinogenic amino acids themselves, including the essential aromatic and branched chain amino acids. On the other hand, during chloroplast differentiation, maturation, and senescence, a number of biosynthetic capacities are lost from the organelle and it becomes more dependent on cooperation with other compartments (54, 55) . Chloroplasts therefore require amino acid transport facilities in both directions. The OEP16 channel excludes uncharged C5 and C6 sugars as well as phosphoglyceric acid or dihydroxyacetone, though the pore size (1 nm) of OEP16 should be large enough to allow passage of most of the above-listed compounds. Substrate specificity is most likely composed by the amino acid backbone that lines the aqueous channel formed by OEP16.
It seems to be generally accepted that the outer membranes of mitochondria and plastids do not represent a permeability barrier for low molecular weight solutes because of the presence of nonselective channel proteins. At least the chloroplastic outer envelope membrane from pea seems to deviate from this general assumption because it houses an amino acidselective channel, namely OEP16, and maybe other yet to be identified channels selective for different solute classes such as triosephosphates, organic acids, or uncharged sugars.
